In the circadian system of cyanobacteria, the ldpA gene is a component of the input to the clock. We comparatively analyzed nucleotide polymorphism of this gene in populations of two closely related species of cyanobacteria (denoted as Synechococcus species S1 and S2, respectively) from extreme cold deserts in Antarctica, the Canadian Arctic, and Tibet. Although both species manifested similarly high haplotype diversities (0.990 and 0.809, respectively), the nucleotide diversity differed significantly (0.0091 in S1 and 0.0037 in S2). The populations of species S2 were more differentiated (F ST ‫؍‬ 0.2242) compared to those of species S1 (F ST between 0.0296 and 0.1188). An analysis of positive selection with several tests yielded highly significant values (P < 0.01) for both species. On the other hand, these results may be somewhat compromised by fluctuating population sizes of the species. The apparent selection pressure coupled with the pronounced demographic factors, such as population expansion, small effective population size, and genetic drift, may thus result in the observed significant interpopulation differentiation and subsequent speciation of cyanobacteria.
C
ircadian systems have been identified in many species of animals and plants, and more recently also in microorganisms, particularly in the Cyanobacteria (1) . They serve to regulate responses to environmental stimuli, notably the light and dark cycle, and this has significant adaptive advantage as it allows cells to adjust their metabolism to the light cycle. The Cyanobacteria is an ancient phylum (2), globally distributed and particularly so in arid landscapes that have persisted for millennia (3) . This makes cyanobacterial circadian systems of particular importance in evolutionary studies over extended timescales during which the Earth's environment, including light regimen, has changed markedly (4-7). However, the nature of such evolutionary change and its drivers are still scarcely understood.
The ldpA gene mediates an input signal to the central oscillator of the circadian system and was first identified in Synechococcus elongatus PCC 7942 (8) . It belongs to the family of ferredoxins and, in addition to the core HycB domain, possesses two conserved terminal domains, which are unique to this gene (8, 9) . The deduced LdpA protein has two Fe-S motifs, probably 3Fe-4S and 4Fe-4S (8) . These motifs were suggested to play an important role in regulating the circadian input through sensing changes in intracellular redox state in response to light intensity (10) . The phylogenetic tree of the LdpA proteins in cyanobacteria features two major distinct clades that correspond to the two types of the circadian system: kaiABC, which features all kai genes, and kaiBC, which lacks kaiA (7, 9) . The ldpA genes of both clades have similar evolutionary constraints that suggests their similar functions (9) .
Previous studies of circadian genes in cyanobacteria suggested that their evolution was governed by many factors, such as lateral transfers, duplications, and selection (4) (5) (6) (7) . However, with the exception of our recent studies of the kai and cpmA genes (11, 12) , data on evolutionary mechanisms of the other circadian genes in cyanobacteria at the population level are lacking. Here, we sample genetic diversity of the ldpA gene from several populations of two closely related species of cyanobacteria from cold, arid environments around the world.
MATERIALS AND METHODS
Sampling sites and cyanobacterial cultures. Environmental samples were collected from three locations, which are characterized by extremely arid regimes over extended timescales (2, 13) . Three strains were isolated during enrichment culture from lithic substrates in McKelvey Valley, McMurdo Dry Valleys, East Antarctica (global positioning system [GPS] location 77°24.604=S, 161°11.702=E); two strains were from the central Tibetan plateau (GPS location 29°07.943=N, 85°22.508=E) and four strains were from Devon Island in the Canadian Arctic (GPS location 75°20.704=N, 89°45.790=W). All locations are cold deserts covered by snow for several months of the year and are all classified as polar frost climatically (14) .
Nine cyanobacterial strains were obtained via enrichment culture and isolation using BG11 growth medium and cultivation in 24 h illumination at 25°C. The cyanobacterial cultures were maintained for 12 weeks to obtain sufficient biomass for DNA extraction, since slow growth rates in vitro are typical for desert cyanobacteria.
DNA extraction, PCR, and sequencing. Genomic DNA from cultures was extracted using a hot phenol extraction method, optimized for cyanobacteria (15) . Template quality and quantity were checked using gel electrophoresis and NanoDrop quantification. The PCR amplification primers were designed using NetPrimer (Premier Biosoft) and the published annotated sequences of the ldpA gene or its 4Fe-4S ferredoxin homologues from other cyanobacteria: Anabaena variabilis ATCC 29413 (GenBank accession no. NC_007413, locus tag Ava_0125), Arthrospira platensis strain Paraca (NZ_ACSK01000254, locus tag AplaP_010100006987), Nodularia spumigena CCY9419 (NZ_AAVW01000087, locus tag N9414_23468), and Synechococcus elongatus PCC 7942 (NC_007604, locus tag Synpcc7942_0624).
The PCR was performed with the forward primer ldpA-F-35 (5=-CTG PCR was performed in a thermal cycler (model 2700 and 2720; Applied Biosystems, Foster City, CA) using the following profile: an initial denaturing step of 5 min at 94°C, followed by 40 cycles of denaturation at 94°C for 1 min, annealing at 62°C for 1 min 30 s, and extension at 72°C for 1 min, with a final incubation at 72°C for 10 min. The PCR products were visualized on a 1% agarose gel and subsequently purified with the GFX PCR DNA and gel band purification kit (Amersham Biosciences, Piscataway, NJ). The purified PCR products were cloned using a TOPO TA cloning kit (Invitrogen, Carlsbad, CA) and sequenced with M13 primers. The sequence chromatograms were checked for accuracy and trimmed for unresolved bases. The DNA sequences were aligned using CLUSTAL W (16) . Phylogenetic analysis and sequence selection. The fit of the substitution models was determined by the jModelTest 0.1.1 software (17) for DNA sequences and by the Prottest 3.0 (18) for proteins. The best-fitting models, based on both Akaike and Bayesian information criteria (AIC and BIC) (19) , were F81ϩG (20) with ␣ ϭ 0.133 and JTT (21) , which were thus utilized for the phylogenetic analysis of DNA and amino acid sequences, respectively. The neighbor-joining algorithm (22) , as implemented in MEGA5 (23) , was used to infer a phylogenetic tree of the ldpA genes. Statistical significance of the tree nodes was evaluated using the bootstrap procedure with 1,000 replications.
The two-step algorithm was utilized to select sequences for analyses. First, a phylogenetic analysis was applied. It resulted in grouping the sequences into two distinct clades with nearly 100% bootstrap support and unresolved subtrees within the clades (see Fig. S1 in the supplemental material). Second, two randomly chosen amino acid sequences from each clade were used as probes to conduct a protein BLAST (24) of the GenBank nonredundant database. This search yielded a highest similarity to the 4Fe-4S binding domain protein of Synechococcus sp. strain PCC 7335 (ZP_05036324), which belongs to the LdpA superfamily. Based on these considerations, we assumed that the above two clades represent two closely related species of cyanobacteria. We termed them Synechococcus species S1 (S1 hereafter) and Synechococcus species S2 (S2), respectively. In total, 59 ldpA sequences of S1 and 27 sequences of S2 were recovered and used in the subsequent analyses. The sequences were grouped in populations and denoted according to the sampling locations of the cyanobacterial strains: ANT for Antarctica, ARC for the Canadian Arctic, and TIB for Tibet.
Analysis of intra-and interpopulation genetic diversity. The following common genetic diversity parameters were estimated: haplotype diversity (Hd), nucleotide diversity (), number of polymorphic sites (S) (25) , theta () per site from S (25) , and the number of pairwise differences (K). The DnaSP v5.10 (26) was used for the above computations. Between-population differentiation was computed by F ST from the analysis of molecular variance (27) using Arlequin 3.5 (28) , and with Jost's D (29) using SPADE (30) . The functional domains and motifs were recognized according to the previously described ldpA gene structure (8) .
We estimated various parameters of recombination and linkage disequilibrium (LD): the recombination parameter R per gene and the minimum number of recombination events, R m (31), the Z nS statistics (32) , which shows association between polymorphisms in the sample, and the ZZ statistics (33) , which measures the effect of intragenic recombination. We obtained the confidence intervals for the above parameters by coalescent simulations with 10,000 replicates under the assumption of no recombination. DnaSP v5.10 (26) was utilized for all computations. The recombination rate c was computed by using the Bayesian algorithm with the default settings implemented in LAMARC 2.1.6 (34).
We also estimated effective population size from the recombination and LD values. The relationship between these three parameters may be approximated as Z nS Ϸ 1/(2N e c ϩ 1), where Z nS measures LD by averaging R 2 (35) over all pairwise comparisons of polymorphic sites in a set of sequences, N e is the effective population size, and c is a recombination rate.
Neutrality tests. We applied several tests to examine whether the obtained data correspond to the neutral expectations: Tajima (40) . These tests were conducted using an online tool (http://wwwabi.snv.jussieu.fr/achaz/neutralitytest.html) and DnaSP v5. 10 (26) . The presence of positive selection was analyzed with the compound test (41) , which is a combination of Tajima's D, Fay and Wu's normalized H, and Ewens-Watterson estimate. The rates of synonymous (dS) and nonsynonymous substitutions (dN) and the dN/dS ratio were computed according to the modified Nei-Gojobori method (42), assuming the transition/transversion bias to be 2.4. This analysis was conducted using MEGA5 (23) .
Analysis of population history. We used several parameters to test whether the studied populations have experienced size changes in their history. Tajima's D (36) and R 2 statistics (43) are based on mutation frequency distribution, the F s statistic (38) is computed from the haplotype distribution, and the raggedness statistic r (44) is derived from the pairwise differences between sequences (i.e., the mismatch distribution). These tests were shown to be the most robust for detecting population size changes (43) . In addition, we estimated the exponential population growth rate, g, using a Bayesian procedure implemented in LAMARC 2.1.6 (34). Parameter g is derived from the following equation: t ϭ present time exp(Ϫgt), where is a scaled time-dependent mutation parameter, and t is time before the present (34) .
Nucleotide sequence accession numbers. Nucleotide sequences obtained in this study were deposited to GenBank under accession numbers JX846499 to JX846584.
RESULTS
DNA polymorphism, within-and between-population diversity of the ldpA locus in Synechococcus sp. Both species manifested high haplotype and low nucleotide diversity at both populationand species-wide levels. However, the ldpA gene in species S1 displayed, on average, ϳ2.5-fold-higher nucleotide diversity than that in species S2. The average species-wide nucleotide diversities of the gene ( Ϯ the standard error) were 0.0091 Ϯ 0.0014 for S1 and 0.0037 Ϯ 0.0009 for S2 (Table 1 ). The patterns of the interpopulation diversity were also different: the Arctic and Tibetan populations of species S1 (S1-ARC and S1-TIB) had nearly the same values of , whereas those of species S2 (S2-ARC and S2-TIB) differed by almost 5-fold. Both species showed similar distribution of nucleotide polymorphism along the sequenced region of the gene, with the Fer4_10 domain (a member of the 4Fe-4S binding domain family) being most conserved, followed by the LdpA_C and the N-terminal domains ( Fig. 1 and Table 2 ). These domain-specific patterns of nucleotide diversity varied slightly in some populations. In particular, the most conserved domain in population S1-TIB was LdpA_C (Table 2 ). There were also marked differences in domain polymorphism between the Arctic populations of the studied species: all three domains were significantly more variable in S1-ARC than in S2-ARC (Table 2) . However, the studied partial sequence of the LdpA protein from both species was highly similar to LdpA of Synechococcus elongatus PCC 7942 (see Fig. S2 in the supplemental material).
Differences in DNA diversity between the species were particularly noticeable in the putative functional motifs (Fig. 1) . Specifically, S1 had four synonymous and six nonsynonymous substituldpA Locus in Synechococcus spp.
tions in the putative hydrophobic motif versus only one synonymous substitution in that motif of S2, and it had three synonymous and three nonsynonymous versus no substitutions in the 3Fe-4S motif. The most conserved 4Fe-4S motif acquired one replacement substitution in S2 versus no substitutions in S1. On the other hand, the studied species manifested similar high haplotype diversity (0.990 for S1 and 0.809 for S2) ( Table 1) .
Interpopulation genetic distances in both species were small (Table 3 ). They varied from 0.0097 to 0.0131 in species S1 and were slightly larger than that of species S2 (0.0068). Despite the small distances, the populations indicated significant differentiation as measured by pairwise F ST and Jost's D values (Table 3 ). The average interpopulation F ST was much lower in S1 (0.0835) than in S2 (0.2312), suggesting significantly higher percentage of variability residing within populations (91.66% versus 76.88%). This ratio even increased when only corresponding populations of the species (ARC and TIB) were taken into account: the percentage of intrapopulation variability in species S1 became ca. 97% (F ST ϭ 0.0296) ( Table 3) .
Recombination and linkage disequilibrium. The values of the LD and recombination estimates were different for the studied species ( Table 4 ). All of the parameters but one (Z nS in S1, P ϭ 0.001) were not statistically significantly different from zero. Overall, this indicated that recombination does not contribute significantly to the observed ldpA gene variation (Table 4) .
Neutrality tests. The results of the tests for neutrality suggested that evolution of the ldpA gene deviates from the neutral model in both studied species (Table 5 ). The results were more significant in S1, suggesting that selection is more pronounced in this species compared to S2. The compound DHEW test for presence of positive selection (41) returned significant P values for both species. However, while the estimates for selection were significant species-wide, they were not significant in some populations. For example, Fu and Li's D* and F* values suggested neutral evolution in populations S1-ARC, S1-TIB, and S2-TIB but selection operating on both species as a whole (Table 5) .
Demographic history of the Synechococcus populations. The results of the population history analysis rejected a null hypothesis regarding the constant population size in both studied species. All computed parameters, including Tajima's D (36), Fu's F s (38) (Table 5) , raggedness statistics r (44), and R 2 (43) (Table 6) were statistically significant and indicated population growth of both Synechococcus species. The Bayesian analysis yielded values of the population growth parameter, g, from 853 to 956 for all populations, which is taken as further strong evidence for population expansion of the studied species.
DISCUSSION
This study is the first to identify species-specific patterns of DNA diversity and evolution of a circadian gene between closely related cyanobacterial species from the same or similar habitats. The strains were all isolated from extreme cold (polar) deserts and experienced growth seasons typified by long (or continuous) daylight followed by inactive winter periods of complete darkness (due to obliquity in polar locations and deep snow cover in Tibet). The influence of circadian pathways on the seasonal revival and shutting down of these organisms is likely key to survival, as well as the likely complex homeostatic regulation required for photoautotrophic metabolism during periods of continuous daylight, in addition to diel changes more typical for nonextreme locations.
Similar low levels of intraspecific DNA diversity but different patterns of interpopulation differentiation at the ldpA locus of the two Synechococcus species. Both species manifested overall low levels of nucleotide diversity at the ldpA gene. However, the population diversity within each species was quite different in some cases (Table 1) . Recently, we reported no significant differ- ences in the values of intrapopulation nucleotide diversity for another circadian gene, cpmA, from a stress-tolerant cyanobacterium Chroococcidiopsis sp. sampled from similar locations (12) . The average DNA diversity of the cpmA gene was 0.0034, which is close to or lower than the respective estimates for ldpA in the present study (Table 1) . On the other hand, the data on the two key circadian genes, kaiB and kaiC, of a filamentous cyanobacterium Nostoc linckia from the ecological model microsites, Evolution Canyons I and II (Israel), indicated that the Nostoc strains from the environmentally stressful south-facing slopes had ϳ1,000-fold-higher substitution rate compared to the strains from the temperate north-facing slopes (11) . The species-wide diversity of these genes (0.0522 Ϯ 0.0061) was also much higher than that for the cpmA and ldpA genes (11, 12) . It is difficult to compare the obtained estimates of DNA diversity with those of other bacteria due to the limited volume of data available from other studies. Apart from the above-mentioned estimates for some circadian genes in cyanobacteria (11, 12) , there is some information about a few housekeeping genes of several bacterial species. The most relevant data are from a cyanobacterium, Microcystis aeruginosa (45) . The authors of that study reported a mean diversity of 0.023 for 7 housekeeping genes of this prokaryote, with the lowest of 0.013 for recA and the highest of 0.043 for pgi. The population analysis of three nonhousekeeping genes (fliC, proA, and mompS) from environmental isolates of Legionella pneumophila yielded species-wide estimates of their diversity between 0.0155 and 0.0291 (46) . These estimates are close to or higher than the values obtained for the ldpA gene. By its level of polymorphism, the ldpA gene appears to position between cpmA and housekeeping genes, which are believed to be under extreme selective constraints due to their significance for basic functions of an organism (47) .
The ldpA gene indicated significant between-population variability in both Synechococcus species (Table 3) . This is quite different from what was observed for the cpmA gene in Chroococcidiopsis sp., which manifested virtually no variability between populations (12). Several factors may account for the differences. First, ldpA and cpmA belong to different functional divisions of the circadian system: input and output, respectively. These divisions play very different roles and, therefore, have different evolutionary constraints. Indeed, previous studies of these genes showed that cpmA is slightly more conserved than ldpA at the level of species and above (6, 9) . Importantly, this ratio is supported by the data at the population level too (see above). Second, the circadian system has high adaptive significance (48) and each circadian element likely makes certain contributions to that. With respect to ldpA and cpmA, the data presented above may suggest that the less constrained ldpA gene may be more evolutionarily "responsive" to the environmental fluctuations in particular habitats and thus result in more significant interpopulation differentiation. The importance of environmental conditions is shown by significant between-population differences in nucleotide diversity (Table 1) .
Another interesting finding of the present study is that, while the overall profiles of domain-specific polymorphism within the ldpA gene were quite similar in both Synechococcus species (Fig. 1) , the proportion of interpopulation and interspecific polymorphism levels differed significantly (Table 2 ). These differences may result from various factors. For example, specific functions of the domains and functional motifs in relation to adaptation may couple with fluctuating environmental conditions in a particular microhabitat of a population/species and produce the observed patterns.
We provide the first direct comparison of the intra-and interspecific DNA diversity of the same circadian gene in closely related species of bacteria. A study of three housekeeping genes (atpD, glnII, and recA) in closely related species of symbiotic bacteria, Bradyrhizobium japonicum and B. canariense (49) , identified slightly lower population diversity of these genes in B. canariense but did not determine any between-population differentiation. Similar to ldpA and cpmA, these genes manifested a high number of pairwise nucleotide differences (6.1 to 14.4) and haplotype di- versity (0.83 to 1.00). However, in contrast to the circadian genes, the three housekeeping genes showed significant recombination and no signs of selection. With respect to other available data on the nucleotide diversity of bacterial genes (see, for example, references 50, 51, and 52), ldpA appears to be fairly conserved. The observed conservation of ldpA is in line with the overall high conservation of the circadian system and its elements (7) as key players in maintenance of intracellular homeostasis and adaptation (53) . The role in adaptation seems to be particularly appropriate to explain the observed DNA polymorphism patterns of the ldpA gene, since it was suggested to adjust the circadian clock in response to environmental light fluctuations (8) . Unlike the cpmA gene (12) , the biochemical function of ldpA is probably not housekeeping: disruption of the gene does not result in a cell death but affects the amplitude of the free-running period (8) . The importance of ldpA for adaptation coupled with the higher variability may also underlie another difference of ldpA from cpmA and the housekeeping genes: its significant interpopulation differentiation (Table 3) .
The observed high haplotype diversity of bacterial genes, including circadian genes (11, 12 ; the present study), may result from the adaptation of multiple ecotypes to microenvironmental extremes in specific ecological microniches (45) and, respectively, the partitioning of any single population into micropopulations. This process may eventually lead to sympatric ecological differentiation (54) and, eventually, speciation. The proposed scenario does not seem impossible, given the environmental extremes and quite pronounced environmental fluctuations (temperature, light, humidity, etc.) at the sampling locations. Selection at the ldpA gene and population structure of the Synechococcus species. The ldpA gene belongs to the input pathway of the circadian system in cyanobacteria (8) . The LdpA protein interacts with the other circadian proteins from the different divisions of the circadian system, CikA (input division), KaiA (central oscillator), and SasA (output division) and transfers information about a light signal indirectly, through sensing a redox state of the cell (10) . Given that the activity of ldpA depends on the light intensity, it is logical to suppose that selection should favor alleles, which better account for the light fluctuations.
Studies addressing non-neutral evolution or positive selection of the circadian genes in prokaryotes and eukaryotes are scarce. Previous macroevolutionary studies of the circadian genes in prokaryotes showed that, while some positive selection might occur (e.g., at the ldpA and sasA loci), purifying selection was prevailing at the above-species level (6, 9, 55) . However, our previous studies reported episodic positive selection operating on the cpmA gene in populations of stress-tolerant Chroococcidiopsis sp. (12) and for two core circadian genes, kaiB and kaiC, in Nostoc linckia (11) . For some genes (e.g., cpmA), the results of the positive selection anal- yses at the levels above-and below-species may be inconsistent. This may occur if selection is weak (which is common) and operates only during relatively short periods of evolutionary time. In such a case, the methods of analysis may fail to determine positive selection at the macrolevel due to their insufficient power. In addition, selection may work only in some populations, as was reported for the period 2 gene in humans (56) . According to the results of the population history analysis, both S1 and S2 species experienced recent population expansion. On the other hand, this expansion was coupled with very small effective population size. Small effective population size (N e ) is usually associated with significant genetic drift and, consequently, a reduced diversity of populations. In turn, genetic drift and small N e favor interpopulation differentiation and, ultimately, speciation. Indeed, the populations of species S1 and S2 have low diversity and significant differentiation, which is in agreement with these considerations. The populations are significantly differentiated even despite the high migration rate among them. This is in contrast to observations for another circadian gene, cpmA, in populations of Chroococcidiopsis sp., which showed no differentiation (12) . The observed differentiation of the Synechococcus populations may result from the much smaller effective population size compared to that of Chroococcidiopsis sp. (ϳ50,000). N e of the ldpA gene in species S2 is extremely small. This may result from drastic fluctuations of the population size due to the extreme environment. In addition, species S1 may be much less abundant due to the high specialization to a particular ecological microniche.
The departure from demographic equilibrium is common among infectious and symbiotic bacteria: they commonly pass through a population bottleneck after antibiotic therapy or change of hosts, which is followed by population growth (57, 58) . Likewise, bacterial populations from extreme habitats may experience similar processes during their recovery after stochastic extremes in environmental conditions. In a view of the above population demography of the Synechococcus species, the significant results of the tests for positive selection should be interpreted with some reservations. The selection indeed may take place; however, its signs may be compromised by other factors, such as strong genetic drift and fluctuations in population size, which may yield false-positive results of some tests for selection (36) . Also, in populations with very small N e , purifying selection (which usually predominates) becomes relaxed and, respectively, more nonsynonymous and therefore potentially selectable substitutions will behave neutrally compared to populations with large N e . However, the concordant results of all test for selection applied in the present study are in favor that evolution of the ldpA gene under extreme stress is likely non-neutral.
Overall, the processes of genetic drift, selection and local adaptation have resulted in the observed population structure of the studied Synechococcus species: multiple small microniche-specific populations (ecotypes) within a habitat. Such a structure was recently reported for thermophilic Synechococcus from microbial mats of the geothermal Mushroom Spring in Yellowstone National Park (59) .
Conclusion. We demonstrate extreme conservation and nonneutral evolution of circadian clock genes at the population level for species of the genus Synechococcus. Some evidence for positiveselection effects suggests that adaptive evolution may occur in microbial circadian systems.
